Data were accumulated during interlaboratory trials for cheese moisture determination from laboratories using officially recognized methods: AOAC; International Dairy Federation, and Standard Methods for the Examination of Dairy Products (SM). In one trial, ranges of means of 5 cheeses were 0.67, 0.56, and 0.19% for 5, 9, and 8 laboratories, respectively. The lower ranges for the SM method were typical of 3 other interlaboratory trials, with ranges of 0.27, 0.34, and 0.34% for 6, 7, and 5 laboratories, respectively. Within one laboratory, there were no significant differences among the 3 methods, but they all gave about 0.2% lower results than 2 other methods, one using freeze-drying, followed by drying in a vacuum, the other using cheese that was spread on sand and dried in a vacuum oven for 24 h. This finding indicated that none of the officially recognized methods removed all the moisture. Data showed that many laboratories tended to give either higher or lower results than the mean of all of them in a series of 7 interlaboratory trials. Constant results, free of biases or systematic errors, are important in application of formulas for prediction of yield of cheese for purposes of yield control, but are difficult to obtain. It is proposed that results by a laboratory in interlaboratory trials be compared with those obtained by one or more reference laboratories using a method that removes all the moisture from cheese. The difference would be applied as a constant in the predictive yield formula. That difference would likely be best as a running mean of differences in an ongoing series of trials. The reference laboratories would use frozen samples for quality control to ensure uniformity of results among trials. Mean moistures of 36.10 and 36.11% were obtained on subsamples before and after freezing for 7 months.
T he measurement of moisture in cheese is important for control of moisture and yield of cheese. Variations in results are inevitable in analysis and sampling as well as manufacturing. Thus in the control process, a target is set for moisture content, which is sufficiently lower than the regulatory level for moisture for a particular variety of cheese so that cheese lots meet regulatory requirements at a selected level of probability. This process is described by Straatsma et al. (1) and Lacroix et al. (2) .
Biases or systematic errors in moisture measurement have not been widely considered. A positive bias, i.e., results higher than they should be, can result in significant monetary losses in a plant able to meet its target for moisture content. For example, a positive bias of 1.0% in moisture is equivalent to approximately $900,000 in a plant with an annual production of 10,000,000 kg of cheese valued at $5.00/kg.
Biases in several analytical measurements are also a concern in applying formulas for prediction of cheese yield, e.g., in the well known Van Slyke and Price (3) formula:
Yield of cheese = (Kf × F + C -0.1) × 1.09/(1 -M/100) where Kf is the fraction of fat in milk recovered in cheese, F and C are fat and casein percentages in milk (kg/100 kg), and M is moisture percentage in cheese. Although a certain variability is expected between actual and predicted yields of individual vats of cheese, variability would be less in means of many vats of cheese. It is evident that biases or differences between actual and predicted yields would be economically significant in means of hundreds of vats of cheese.
Another aspect of biases and yields relates to changes in methods of moisture analysis that may have occurred over the years. For example, the forced-air oven method described in Standard Methods for the Examination of Dairy Products changed from 105EC in l985 (4) to 100EC in l992 (5) .
Still another aspect of biases relates to the use of a General Formula (6) to predict cheese yield, which depends on the sum of the components of cheese equaling 100%. This means that all the moisture in cheese must be determined; if all the mois- ture is not determined, the predicted yield is lower than it should be. Unpublished results indicate that 3 of the widely used procedures (5, 7,12) gave higher moisture results when left longer in the oven. The use of such values, obtained by the specified drying time, means that predicted yields underestimate actual yield with the General Formula. In predictive yield formulas, it is possible to insert a bias constant with the moisture value, although to our knowledge it has not been done. Furthermore, the magnitude of the bias is not known. This study describes problems in determination of moisture in cheese, namely, variation in moisture measurements among laboratories. It also presents ideas on resolution of those problems with respect to data usage in predictive yield formulas.
Experimental

Preparation and Shipment of Samples
Cheddar and Part-Skim Mozzarella cheeses were trimmed (1 cm) and shredded or blended for 30 s in a kitchen-type blender (Model DLC 10 Classic, Cuisinart Corp., East Windsor, NJ) in a 10EC room. The lots were combined in a large plastic tub, 57 × 37 × 22 cm (length × width × depth), covered with plastic film, and left overnight at 4EC. The next day, the ground cheese, with a particle size of coarse sand, was mixed by pouring back and forth to another tub (10 pourings) in the 4EC room. Portions, ca 700 g each, were blended again in the blender in the 10EC room for 30 s; 120 mL plastic tubs (Capitol Vials, Inc., Fultonville, NY), with snap-on lids, were filled as quickly as possible.
In the first trial, 2 replicate samples of each of Cheddar and Part-Skim Mozzarella cheese were sent to each participating laboratory, along with another sample of a different Cheddar cheese. The samples were labeled randomly as A, B, C, D, or E. All laboratories received samples with the same labels. In subsequent trials, 5 individual lots of cheese were used.
The samples were packed in cartons containing Styrofoam pellets and an ice pack and shipped by courier. Delivery was usually overnight in North America and less than a week overseas.
Interlaboratory Trials
In 4 early trials, one of which is reported here, samples were sent to a group of regulatory, research, and commercial laboratories. In subsequent trials, only regulatory and commercial laboratories were included, as part of an interlaboratory control program.
Analytical Methods
AOAC.-Method 926.08 of AOAC INTERNATIONAL (7) formed the basis of that used by several laboratories. Briefly, 2-3 g prepared cheese is dried at 100EC in a vacuum oven at <100 mm Hg, to constant weight, ca 4 h. One variant (8, 9, 10) was to dry for 4.75 h in disposable Al dishes covered with glass fiber filter pads. Method 948.12 (11) was used by one laboratory, drying 2-3 g cheese for 1.25 h in a forced-air oven at 130EC.
IDF.-Method 4A:1982 of the International Dairy Federation (12) was used: 2-3 g cheese was dispersed in 25 g previously dried sand and dried for 2 h, plus 1 h periods as necessary to constant weight (a change of < 0.0005 g) in a forced-air oven at 102EC. One laboratory modified the method to use 35 g sand with a definite drying period of 4 or 6 h.
SM. e Initial freeze-drying was for 1 h at 20EC, followed by 21.5 h at 65EC, then 1.5 h at 23EC. Final drying was at 100EC for 4 h in vacuum oven. f As in footnote e with additional 20 h in vacuum oven. g Initial freeze-drying was for 16 h at 10EC, followed by 8 h at 25EC, then 16 h at 35EC. Final drying was for 5 h at 100EC in vacuum oven. h As in footnote g, except that final freeze-drying period was 16 h at 65EC. i As in footnote g, except that the final freeze-drying period was 112 h at 65EC. Tables 1 and 2 Subsample Determination, % formed without fiberglass covers. In a variant, the cheese was dried for 24 h, as recommended by Barbano and Sherbon (13) .
FDVO.-The freeze-dry vacuum-oven method (14) was modified by using a freeze-dryer with more control of platen temperatures (Stokes Model 24PV freeze-dryer, Stokes Vacuum Components Dept., Pennwalt Corp., 5500 Tabor Rd, Philadelphia, PA): 10 g samples were frozen overnight at -20EC; samples were placed in the freeze-dryer on cold platens to prevent melting. When a pressure (vacuum) of <0.1 mm Hg was reached, the platen temperature was set at 10EC for 16 h, raised to 25EC for 8 h, and then raised further to 35EC for another 16 h; dried samples were removed and placed in a vacuum oven at 100EC for 5 h, and then cooled and weighed. The larger 10 g sample gave better repeatability than the 3 g samples in other methods, perhaps because the larger sample evened out small differences in composition within the cheese sample. Table 1 illustrates differences in moisture results among laboratories analyzing subsamples of the same cheeses. Each value is the mean of triplicate analyses. There were 3 cheeses: 2 Cheddar and 1 Mozzarella; replicate samples of 1 Cheddar and the Mozzarella were also analyzed for a total of 5 samples. The 5 laboratories using the AOAC vacuum-oven method (7, 10) gave a range of means of 0.60%; when the same apparatus was used, with drying for 16 h, the range of means was 0.53%. The 9 laboratories using the IDF method (8), or something close to it, gave a range of means of 0.56%. The 8 laboratories using the Standard Methods method (5), modified to dry for 24 h (13) rather than 16-17 h, gave a lower range of means of 0.19%. The problem in applying a predictive yield formula when biases or systematic errors occur in moisture analysis is illustrated here. A difference of 0.60% in moisture is equivalent to a difference in yield of about 1.0%. Table 1 also shows results from 2 laboratories using variations of the freeze-dry vacuum-oven method (14) . The results with the 3 procedures using the longest drying times were very close and might be considered as close, or as close as possible, to removal of all the moisture in the cheese. Table 2 shows differences between each value and the mean of the 5 means of the methods, including both freeze-drying and the vacuum oven at the bottom of Table 1 . It is easier to scan the differences than the actual data for anomalies and to compare laboratories and methods. The standard deviations of differences were generally much lower with the freeze-dry vacuum-oven methods, <0.02%, than with the other methods. The reason is not obvious; the end points for the other methods seem to be on the slope of the drying curve, and it is possible that the drying curves for individual drying samples are different from each other. In this same respect with the modified Standard Methods technique (5, 13), the mean differences were less, by 0.10% or more, for the Mozza- rella than for the Cheddar in laboratories 1, 6, 13, and 16, as if the Mozzarella cheeses were higher on the drying curve. A point to be considered in comparing methods is that all varieties of cheese may not dry at the same rate.
Results and Discussion
The possibility of heterogeneity among cheese subsamples was examined by comparing subsamples taken at random from the 3 cheese lots, 11, 8, and 8 subsamples, respectively ( Table 3 ). The F values (ratios of [MS for subsamples]/[MS for analyses or determinations] in the ANOVA were not significant (p > 0.05) in the 3 cheese lots. The standard deviations (SDs) among subsamples were 0.036, 0.041, and 0.040% in the 3 lots. The SDs of the recommended procedure (15) for testing material for sufficient homogeneity that would give the recommended ratio of s s /F of 0.3 were 0.12, 0.14, and 0.05%, respectively. It was concluded that the samples in this trial were sufficiently homogeneous for its purpose, and that the variability in results in Tables 1 and 2 would not be due to heterogeneity among subsamples.
The data in Tables 1 and 2 were from 1 of 4 interlaboratory trials. The other 3 showed evidence of heterogeneity among subsamples, chiefly by higher than normal SDs of analyses and through variations in the differences from the references, in comparisons similar to those in Table 2 . However, one of those trials showed homogeneity among subsamples when the freeze-dry vacuum-oven method was used with 10 g samples for drying. The data in Table 3 were collected by drying 3 g samples; apparently the larger sample minimized the heterogeneity.
There were also differences among the analytical methods in the range of results from different laboratories in other trials (Table 4) . In trials A, B, C, and D, ranges of results were less among laboratories using the forced-air oven method of Standard Methods (5). However, most of the laboratories in Trial A were different from those in the other 3 trials in Table 4 . The reason for the differences in ranges among methods is not apparent. A possible cause of interlaboratory differences with the AOAC method is variations in temperatures within vacuum ovens, where the overall temperature would depend on the location in the oven of the regulating thermocouple. Emmons et al. (16) found ranges in 4 commercial vacuum ovens with strip heaters of >10EC, and <2EC in an oil-bath vacuum oven and in a forced-air oven. Verret et al. (17) found much greater browning of skim milk powder on the top shelf of a vacuum oven than on lower shelves, which was attributed to temperature differences. They also found lower variance of repeatability (0.001) when replicate cheese samples were dried on the top shelf than if all 3 shelves were used (0.011). Our results suggest that uniformity would be greater among laboratories if all used the forced-air oven method of Standard Methods (5).
Some results from specific laboratories always tended to higher, or lower, than the mean from the same method. This tendency also occurred in trials involving mostly commercial laboratories, as shown in Figure 1 for sults are the differences from the mean of all laboratories participating in the trial. Those tending to be higher were B, F, and G; those tending to be lower were A, E, H, and I; C was higher, then lower. Figure 2 shows results for laboratories using the forced-air oven method of Standard Methods (5) and of AOAC (130EC, 1.5 h; 12), and for 4 laboratories using microwave ovens. With the first group, J, K, and M tended to be higher, L lower, and N close to zero. In the second group, O (the only one) tended to be close to zero. In the last group, S tended to be higher (drying for 10 min), P, varying round zero, and Q and R, somewhat variable.
The conclusion that can be drawn from the results of Tables 1 and 2 and Figures 1 and 2 , is that all laboratories and associated cheese-making plants could not apply the same predictive yield formula and obtain the same result. The hypothesis is that laboratories might be able to apply correction factors to their moisture results and obtain comparable predicted yields. Each correction factor would be estimated by using a progressively plotted mean of differences from the interlaboratory mean.
The difficulty in using trials such as those in Figures 1 and  2 for estimation of the mean, is that the mean for comparison may not be very stable. The data in Table 1 sults of one or more laboratories using one of the freeze-dry vacuum-oven methods might serve as a reference against which all other methods could be compared for estimating the moisture correction factor. If one of the methods in Figures 1  and 2 were used, one would need a sizeable correction factor to use the General Formula for predicting yield.
Is it possible to use such a reference method? Perhaps, but it has not yet been demonstrated. However, we believe that it may be possible because a method such as the freeze-dry vacuum-oven method (14) is designed to remove all the moisture. Data in Table 5 indicate that subsamples uniform in composition can be prepared, stored frozen over long periods of time, and used as a quality control on a reference method. In Table 5 about 10 kg of cheese were shredded in a Cuisinart in a room at 10EC and mixed thoroughly; then about 1 kg was removed, reshredded, and packaged in eight 120 g plastic containers. The latter step was repeated 8 times. The next day 1 or 2 containers were analyzed from each of the sublots by the freeze-dry vacuum-oven method (14) ; the rest were frozen and stored at -20EC. Then 8.5 months later, samples were thawed overnight, reshredded, held overnight at 10EC and analyzed. Results were close, with no significant difference (p > 0.05) among the 12 or 9 subsamples. The SDs of analyses were low, at 0.025 and 0.019%, respectively.
A comparison was made of methods in one laboratory (Table 6) using the IDF (12) and AOAC (7) methods, the forced-air method (5) of Standard Methods, and the freeze-dry vacuum-oven method (14) . Also compared were methods that might be the reference method; 2 methods used the freeze-dryer and the vacuum-oven (14) . One modification ended the freeze-drying step with 65EC for 4 days; another used samples dispersed on sand that were treated the same way; and a third method used samples dispersed on sand as in the IDF method (12) with drying for 24 h in a vacuum oven at 100EC. The last method was treated as the reference method in presenting data in the bottom part of Table 6 . Table 6 shows that the 3 methods that are recognized by IDF (12) , AOAC (7), and Standard Methods (5) gave mean differences from the reference method that were close, -0.23, -0.21, and -0.23%, respectively. These results were not significantly different (p > 0.05) from each other; however, they were significantly different (p < 0.05) from the reference method in column 1. The least significant differences were quite wide, 0.14, 0.08, and 0.08%, respectively, indicating that important differences among them could exist in a larger sampling or trial. The number of replicate trials using the methods yielding the data shown in the second and third columns were too few to conclude any differences from the reference method in column 1. They do, however, suggest that drying treatments of that sort remove approximately the same amounts of moisture. The mean difference of the results with the FDVO method (15) was 0.082%, which was significantly higher (p < 0.05) than zero.
If one assumes that the reference method indeed did remove all the moisture, then the correction factor for moisture for use in the predictive yield General Formula would be +0.08, +0.23, +0.21, and +0.23% for the 4 methods, respectively, as shown in Table 6 . This is complicated further because the laboratory that produced the results for Table 6 in previous moisture analyses gave results 0.1-0.2% higher than the mean of the results from laboratories in Figures 1 and 2 . Thus the plants in Figures 1 and 2 would have to use a correction factor for moisture in the General Formula of about 0.4%, further adjusted for the difference for a laboratory from the mean in Figures 1 and 2. A positive difference in Figures 1 and  2 would be subtracted from the 0.4%, and a negative difference added. It is not known whether a correction factor for moisture is needed for the Van Slyke formula (3) , or what the magnitude of that correction factor should be.
Earlier research (18) attempted to add the components of cheese; the sum should equal 100% for the successful application of the General Formula for prediction of cheese yield. The addition of components to equal 100% is vital for this application and represents a challenge not only for cheese but also for other analyses such as total solids of milk (19) . As a general rule, biases or systematic errors in analyses of milk, whey, and cheese present problems in the use of all predictive yield formulas.
There are several related issues. One is whether official procedures and regulations for moisture in cheese should be affected by recognition that the currently recognized methods (5, 7, 12) do not determine all the moisture in cheese. We believe that they need not be affected because the regulations are defined by the method of analysis. Another issue is whether analysts, and those using their results, accept and understand that the methods in use may not determine all the moisture in a product. A third issue is whether a rigorous method might remove more than just moisture; this problem would be minimized in fresh cheese, with respect to fat and protein breakdown products. Lactic acid is not volatile, but carbohydrate breakdown products such as carbon dioxide and volatile flavors would be a problem, particularly with a few cheese varieties, and a problem common to all methods.
In summary, our data show that important differences occurred in the results of moisture determination by different laboratories; the results of a laboratory tended to be higher or lower than others in interlaboratory trials. These differences would be important in application of predictive yield formulas, and among laboratories they appear to be greater than inherent differences among 3 commonly used reference methods. It is suggested that the differences among some laboratories, particularly those giving regularly higher or lower values, could be corrected by determining correction factors for their moisture results and applying them to predictive yield formulas. Those correction factors could be determined by comparing their results with the means of results in interlaboratory trials. It is further suggested that a better method might be to refer to results of analyses by one or more reference laboratories using a method that removes all the moisture from the cheese.
